Activated EGF receptor (EGFR) plays an oncogenic role in several human malignancies. Although the intracellular effects of EGFR are well studied, its ability to induce and modulate tumor angiogenesis is less understood. We found previously that oncogenic EGFR can be shed from cancer cells as cargo of membrane microvesicles (MVs), which can interact with surfaces of other cells. Here we report that MVs produced by human cancer cells harboring activated EGFR (A431, A549, DLD-1) can be taken up by cultured endothelial cells, in which they elicit EGFR-dependent responses, including activation of MAPK and Akt pathways. These responses can be blocked by annexin V and its homodimer, Diannexin, both of which cloak phosphatidylserine residues on the surfaces of MVs. Interestingly, the intercellular EGFR transfer is also accompanied by the onset of VEGF expression in endothelial cells and by autocrine activation of its key signaling receptor (VEGF receptor-2). In A431 human tumor xenografts in mice, angiogenic endothelial cells stain positively for human EGFR and phospho-EGFR, while treatment with Diannexin leads to a reduction of tumor growth rate and microvascular density. Thus, we propose that oncogene-containing tumor cell-derived MVs could act as a unique form of angiogenesismodulating stimuli and are capable of switching endothelial cells to act in an autocrine mode.
P
rocesses of cellular activation and transformation frequently lead to shedding of microvesicles (MVs) from the plasma membrane (1) . Depending on their nature, size and origin MVs are referred to as ectosomes, exosomes, or microparticles, but their generation and biological roles are still poorly understood (2, 3) . In various instances, MVs have been implicated in secretory processes, immunomodulation, inflammation, coagulation, and intercellular communication (4) . These functions are usually attributed to the transfer of the MV cargo between adjacent or remote cells, and often involve interaction between phosphatidylserine (PS) residues exposed on the MV surface and the cellular plasma membrane, a process that can be blocked by annexin V (1, 5) . MV-mediated intercellular exchange could include lipids, soluble proteins (6) , or nucleic acids (7) , but also functional transmembrane proteins (8) , chemokine receptors (9) , transferrin receptors (3), tissue factor (8, 10) , and receptor tyrosine kinases (1, 11) , such as HER-2 (12) and EGF receptor (EGFR) (1) .
The latter property is especially thought-provoking in the context of cancer, in which EGFR-like kinases play transforming and oncogenic roles (13) . Notably, the expression of the activated EGFR in glioma cells was found to result in markedly enhanced cellular vesiculation, capture, and intercellular transfer of this oncoprotein to adjacent tumor cells via MVs (1) . This form of EGFR acquisition precipitated a series of molecular events in the MV recipient cells, including activation of the EGFR downstream pathways (MAPK and Akt), changes in growth and gene expression, as well as production of angiogenic mediators, especially VEGF (1). Collectively, these observations provide a glimpse into the role of MVs as extracellular carriers of active oncoproteins, and are also consistent with the known ability of the oncogenic EGFR to contribute to the angiogenic phenotype of the affected cancer cells (14) . Indeed, the relative successes of targeting EGFR in human cancer may be, at least in part, attributed to the antiangiogenic properties of EGFR kinase inhibitors (EKI) and the respective neutralizing antibodies (14, 15) .
Another source of encouragement to explore EGFR as a potential target in cancer and angiogenesis is related to the observation that, although this receptor is largely absent from normal endothelial cells, it is often selectively overexpressed by the tumor-associated vasculature (16) (17) (18) . Thus, EGFR-directed agents could possess both indirect and direct antiangiogenic activity. Endothelial expression of EGFR is poorly understood, and it could be related to intrinsic abnormalities these cells sustain within the tumor context (19) , but also to the paracrine stimulation by cancer cells expressing EGFR ligands and other mediators (16) , tumor hypoxia (20) , and various unspecified stress responses (18) . It is also unclear whether EGFR-activated pathways are similar in endothelial cells to those operative in cancer cells and what their specific consequences for tumor angiogenesis might be.
Here we report a mechanism leading to endothelial cell expression of EGFR, namely by MV-mediated transfer of this receptor from EGFR-transformed cancer cells. Incorporation of EGFRcontaining MVs by endothelial cells leads to activation of MAPK and Akt pathways and triggers endogenous expression of VEGF, followed by the activation of VEGF receptor-2 (VEGFR-2). Blockade of this MV exchange with annexin V derivatives aborts these effects in vitro, whereas in vivo these agents (e.g., Diannexin) exert an antitumor and antiangiogenic effect. Thus, oncogene-containing MVs may represent a distinct type of angiogenesis-modulating mechanism, and a therapeutic target in cancer.
Results

Microvesicular Transfer of the Oncogenic EGFR to Endothelial Cells.
Aggressive properties of the A431 human squamous cell carcinoma cell line are largely attributed to the oncogenic effects of the WT EGFR, which these cells over-express in remarkable quantities (14) . Interestingly, A431 cells (also A459 and DLD-1 cells) not only produce a standard membrane-bound form of EGFR, but also release this receptor into the conditioned medium (Fig. 1A) . This latter pool of EGFR can be recovered from the soluble material by ultracentrifugation of the culture supernatants, with a pelleted fraction that is also positive for flotillin-1, a marker of membrane lipid rafts and their derived MVs (1, 8) . Indeed, such intact, A431-derived MVs can be directly visualized by adsorption of this material onto poly-Llysine particles/beads followed by scanning electron microscopy (Fig. 1B) . In contrast, human umbilical vein endothelial cells are devoid of EGFR, whether cell-associated or in MVs (Fig. 1 A) .
MVs can merge with membranes of heterotypic cells via a PS-dependent mechanism (1, 8) . We reasoned that similar events are possible between EGFR-positive tumor cells and endothelial cells, whereby this oncogenic receptor could be incorporated into the membranes of the latter. Indeed, incubation with MV preparations obtained from 3 different EGFRexpressing cancer cell lines (A431, A549, and DLD1) resulted in the appearance of the specific EGFR immunofluorescence on the surface of human umbilical vein endothelial cells (HUVECs) and human microvascular endothelial cells [FACS; Fig. 1C (Fig. 1D) , even though MVs did contain traces of EGFR mRNA (Fig. S2C) . Moreover, antibodies against human EGFR and phosphorylated human EGFR readily decorated tumor blood vessels in A431 tumor xenografts, as indicated by the co-localization of these respective fluorescent signals with markers of mouse endothelial cells (CD105/ endoglin). As expected, anti-EGFR antibodies that react with both human and mouse receptor decorated normal keratinocytes, but not cutaneous endothelial cells ( Fig. 1 E-J) . These results suggest that cancer cells shed MVs containing the EGFR oncoprotein, which can be transferred to endothelial cells in vitro and in vivo.
EGFR Signaling in Endothelial Cells Exposed to Tumor-Derived MVs.
Oncogenic EGFR activates a number of cellular signaling pathways, notably MAPK and Akt (13) . To determine whether the aforementioned micro-vesicular transfer of this receptor is of any functional consequence to the recipient endothelial cells, we examined their status of MAPK and Akt phosphorylation (Fig.  2) . Interestingly, addition of EGFR-containing MVs to serumstarved HUVECs resulted in activation of both pathways, in a manner that could be inhibited by pretreatment of this material (i.e., MVs) with annexin V and its recently described homodimer designated as Diannexin. The latter differs from annexin V in that it has a higher affinity to PS on cellular surfaces, longer half-life, and longer action in vivo (21) (Fig. 2 A and B) . Phosphorylation of MAPK and Akt was also prevented when MVs were exposed to the irreversible pan-Erb kinase inhibitor, CI-1033, before their addition to endothelial cells, and similar effects were also observed with EGFR-neutralizing antibody (cetuximab; Fig. S3 ). Thus, the activation of these respective signaling pathways by tumor cell-derived MVs was dependent on the accessibility of their surface PS residues, and the intact EGFR kinase activity present in the MV cargo.
EGFR-Dependent Onset of the Autocrine VEGF Production in Endothe-
lial Cells. One of the important mechanisms by which oncogenic EGFR contributes to tumor angiogenesis is through upregulation of VEGF in tumor cells (14) . Interestingly, VEGF was recently found to be expressed by endothelial cells, where it plays an important homeostatic role (22) . We reasoned that the latter property could be modulated by the uptake of MV-associated EGFR. Indeed, we observed that HUVEC cells exposed to EGFR-containing MVs (from A431 cells) secreted elevated amounts of VEGF to their conditioned media and turned on the expression of VEGF mRNA. The RT-PCR analysis of this mRNA using VEGF isoform specific primers revealed that the MV-stimulated endothelial cells produced mainly VEGF121 and VEGF165 ( Fig. 3 A-C) . These effects were blocked by preincubation of the MV preparations with annexin V, Diannexin, or CI-1033, a result suggesting the requirement for PS-mediated MV merger with the target cells and the intact EGFR activity. Moreover, whereas, in un-stimulated and serum-starved HUVECs, the endogenous VEGFR-2 remained un-phosphorylated, microvesicular transfer of EGFR from cancer cells provoked its robust phosphorylation. Once again, these effects were obliterated when MVs were treated with annexin V, Diannexin, or CI-1033 before their addition to endothelial cell cultures. The effects of MVs were also blocked by VEGFR-2 kinase inhibitor (SU5416), but not by addition of VEGFneutralizing antibody (Avastin/bevacizumab), suggesting that this material does not contain VEGF and acts through an autocrine mechanism (22) (Figs. S4 and S5). Intact MVs also stimulated growth and viability of HUVECs (data not shown). These results suggest that tumor-derived EGFR may trigger the expression of VEGF and the autocrine stimulation of VEGFR-2 in endothelial cells exposed to cancer cell-related MVs.
In Vivo Inhibition of EGFR-Driven Tumor Growth and Angiogenesis by
Blocking Membrane PS. Our data suggest that tumor cell-derived EGFR can be transferred to endothelial cells in vitro and in vivo, leading to activation of the autocrine VEGF/VEGFR-2 pathway in a manner dependent on PS-mediated exchange of MVs. To examine the functional significance of these events, we generated A431 xenografts in SCID mice and subjected these animals to daily i.p. injections of Diannexin to impair the intratumoral MV exchange (Fig. 4) . As predicted, tumors exposed to this treatment grew more slowly than their control counterparts, and attained lower microvascular densities (MVDs), as determined by staining for CD105, a marker of endothelial cells (Fig. 4) . Collectively, these results suggest that cancer cell-derived MVs may play an important role during tumor angiogenesis, notably as carriers of oncoproteins capable of inducing VEGF expression, and thereby switching tumor endothelial cells from a predominantly paracrine to a more autocrine mode of response to this angiogenic growth factor.
Discussion
Our results demonstrate that cancer cells harboring oncogenic EGFR emit this receptor in an intact form as cargo of membrane MVs. This material is probably derived from membrane lipid rafts, because the MV fraction of cancer cell-conditioned medium was uniformly positive for flotillin-1, which is often associated with these domains (1, 8) . This interpretation is also consistent with our recent results, which suggest that lipid 
(conditions as in A and B). (D) Autocrine activation of VEGFR-2 upon the uptake of EGFR-containing MVs by cultured endothelial cells (HUVECs). Serum starved HUVECs were treated with MVs as in A-C and assayed for VEGFR-2 phosphorylation (p-VEGFR-2). Interference with MV-related PS (annexin V and Diannexin) and EGFR kinase activity (i.e., CI-1033) diminishes the level of pVEGFR-2 in parallel with reduction of VEGF produced by HUVEC cells (compare A vs. C).
The respective signals were quantified by densitometry, normalized to the total VEGFR-2, and expressed in relative units (Fig. S5 ).
raft-related material containing oncogenic mutant of EGFR (EGFRvIII) may be shed from glioma cells within flotillin-1-positive MVs. It is of note that intercellular trafficking of this receptor led to transformation-like changes in adjacent tumor cells, a finding that may potentially apply also to other membrane-associated oncogenic proteins (1, 23) . Microvesicles (24) and exosomes (25) readily interact with endothelial cells. An intriguing observation made during the present study relates to the impact on these cells exerted by EGFR-containing, tumor cell-derived MVs (1). Thus, incubation of primary cultures of 2 different types of endothelial cells with MV preparations led to the uptake of this material and retention of the intact and functional EGFR. The latter is documented by the activation of the signaling events, such as phosphorylation of MAPK and Akt, both of which could be prevented by blocking of the MV-associated surface PS with annexin V or Diannexin, or EGFR kinase activity (CI-1033). These findings suggest that the uptake by endothelial cells of tumor-derived MVs, at least those containing EGFR, occurs by a mechanism involving exposed PS residues. This is operationally similar to the recently described uptake of tissue factorcontaining MVs derived from activated macrophages by platelets participating in coagulation processes (8) . It is noteworthy that other forms of micro-vesiculation may clearly be operative in transformed, activated, and secretory cells and lead to a release of material from membrane (ectosomes) or endosomal subcellular compartments (exosomes) (2, 3, 11, (26) (27) (28) . In many of these instances, there is strong evidence for the secondary attachment and uptake mechanisms that involve various specific receptors, either for PS (e.g., Tim4, BAI1, or KIM1) (29) (30) (31) or for other MV-associated surface molecules (e.g., P-selectin glycoprotein ligand-1) (32) . The involvement of these mechanisms in formation and transfer of EGFR-containing tumor MVs is presently unknown, and in our hands, cloaking of PS is sufficient to prevent their uptake by endothelial cells.
Our study suggests that one source of EGFR expression by tumor-associated endothelial cells is through the transfer of MVs from adjacent cancer cells harboring this oncogenic receptor. Although the expression and role of EGFR in endothelial cells has been a subject of some controversy (18) , such expression has clearly been documented in the context of tumor angiogenesis (16, 17, 33) , especially in tumors expressing EGFR ligands (16) , and is viewed as one of the reasons for the antiangiogenic and anticancer activity of EKIs (16) . A corollary to this point is that the clinical activity of the latter agents can be dependent upon cancer-specific mutations, e.g., in the subset of patients with non-small-cell lung carcinoma whose disease is highly responsive to gefitinib and similar agents, but only if they harbor a mutant EGFR (34) . Therefore, it would be of considerable interest to examine whether patients harboring EGFR mutations that sensitize (or desensitize) this receptor to EKIs also express the corresponding (WT or mutant) tumor cell-derived receptor also on the surface of tumor-associated endothelial cells. The latter could be expected, if the clinical effects of EKIs are indeed dependent on their direct impact on the tumor vasculature. Indeed, we have previously observed that mutant forms of EGFR (e.g., EGFRvIII) can be transferred between cells via MVs (1), a result confirmed and extended in a recent study (23) .
The mode of pro-angiogenic action of endothelial EGFR, whether MV-related or endogenous, is poorly understood and rather implicit (16) . In this regard, our study offers a mechanism whereby MV-derived EGFR re-wires endothelial cells to express, and respond to, VEGF in an autocrine manner. VEGF was originally considered to act as a strictly paracrine mediator of vascular development and growth, including in cancer, principally because of difficulties with the detection of the respective protein and mRNA in the endothelial compartment in vivo (22, 35) . However, in some instances, VEGF protein was, in fact, detected in association with tumor blood vessels (35) , and VEGF synthesis could be induced in cultured endothelial cells by hypoxia (36) or malignant transformation (37) . Importantly, in a recent study, Lee et al. demonstrated that very small quantities of intracellular VEGF are expressed by normal endothelial cells in vivo, activate VEGFR-2, and are required for vascular homeostasis. Withdrawal of this influence leads to destabilization of the micro-vasculature, ischemia, and thrombosis (22) . Our study suggests that, in the context of cancer, a transfer of oncogenic EGFR (see Fig. 1 
E-J,
Figs. S6-S8, and Movies S1-S3) may trigger and amplify the expression and function of endothelial VEGF, perhaps contributing to the distinct nature of tumor blood vessels and their responsiveness to therapy.
In agreement with this notion, we observed that administration of an agent blocking PS (Diannexin), and thereby MV transfer, exerts a noticeable anti-cancer and anti-angiogenic effect in vivo. Diannexin is a homodimeric form of annexin V, which is being developed as an antithrombotic agent for cardiovascular indications (21) . We suggest that, as in the case of cultured cells, the antitumor effect of this agent in vivo may, at least in part, involve interference with MV exchange between tumor and endothelial cells. It should be kept in mind that exposed PS is not only a feature of MVs, but is also present on the surface of apoptotic cells and activated/angiogenic endothelium (30, 38) . However, targeting endothelial PS to achieve antiangiogenic effects in cancer, e.g., by using monoclonal antibodies (bavituximab), involves agents that often act in a manner that is dependent on ␤2-glycoprotein, are mediated by cytotoxic cells, and may require co-administration of chemotherapy (38) , none of which was involved in our experiments. Instead, in our hands, Diannexin treatment by itself inhibited growth and angiogenesis of A431 tumors. These tumors are known to heavily depend on EGFR and VEGF for their expansion (39) , and in this context human oncogenic EGFR was detected on tumor-associated (mouse) endothelial cells.
Collectively, our data suggest that tumor-derived MVs harboring oncogenic EGFR could interact with endothelial cells and act as a distinct type of a more complex angiogenic regulator. Indeed, we observed that incorporation of MVs leads to reprogramming of endothelial cells and to their stimulation with the autocrine VEGF. There is no reason to think that these effects are limited to EGFR, because many other receptors and oncogenes could potentially undergo similar intercellular exchange and elicit responses in the recipient cells (1) , including in the tumor-associated endothelium. We postulate that these events could contribute to the distinct nature of the latter cells and, potentially, serve as targets for anticancer therapies.
Materials and Methods
Reagents and Cells. Antibodies recognizing EGFR (sheep polyclonal and mouse monoclonal), polyclonal antibodies against MAPK (Erk1/2), Akt, Isolation and Analysis of MVs. Conditioned medium was collected from cells at approximately 80% confluence and subjected to 2 consecutive centrifugations at 300 ϫ g for 5 min, and then at 12,000 ϫ g for 20 min to eliminate cells and debris. MV fraction was obtained after centrifugation for 2 h at 100,000 ϫ g and washed twice with a large volume of PBS. The amount of microvesicles proteins recovered was measured using the Bradford assay (Bio-Rad) and assayed as described in SI Methods.
Flow Cytometry. To detect EGFR on the surface of viable HUVECs, the cells were treated with MVs for 24 h, harvested using 2 mM EDTA, and processed as described previously (1) . Following the staining with monoclonal antibody against EGFR and Alexa Fluor 488 goat anti-mouse secondary antibody (Molecular Probes), the cells were fixed with 1% paraformaldehyde, resuspended in PBS solution, and analyzed using a FACScalibur flow cytometer (BD Biosciences).
Scanning Electron Microscopy. Images were collected after adsorption of the MV preparations to poly-L-lysine beads formed during the glass slide coating process. The slides were fixed with 2.5% glutaraldehyde in 0.1 M PBS solution, washed 3 times with 0.1 M PBS solution and then with 0.1 M cacodylate buffer, followed by staining with 1% osmium tetraoxide (OsO 4). The slides were then dehydrated, dried, fixed on a stud, covered with gold, and microphotographed using the JEOL 840A instrument.
VEGF ELISA. HUVEC cells were treated with MVs for 24 h as indicated, washed extensively, and fed with fresh medium. After 24 h, conditioned medium was collected and assayed for VEGF content using Quantikine Human VEGF Immunoassay (R&D Systems) according to the manufacturer's protocol. The readings were collected from multiple (n ϭ 3-4) independent samples for each experimental condition, normalized to the cell number, and read at several dilutions against a standard curve.
Detection of mRNA. Treatment of HUVEC cells with MV preparations was followed by extensive washing and extraction of RNA using Trizol reagent (Invitrogen). RT-PCR analysis was performed using a single-step method (Qiagen) whereby VEGF isoforms were detected using the primer sets 5ЈAT-GAACTTTCTGCTGTCTTG3Ј and 5ЈTCACCGCCTCGGCTTGTCACAT3Ј, which hybridize to regions flanking exons 1 and 8 of the VEGF transcript, respectively. The amplified species of 688, 656, 584, 524, and 452 bp correspond to VEGF isoforms 206, 189, 165, 145, and 121, respectively (41) . For specific amplification of other species, we used the following primer sets: VEGF165, GCAAGA-CAAGAAAATCCCTGTGGG and TTCTGTCGATGGTGATGGTGTGG; and ␤-actin, TTCCTGGGCATGGAGTCCTGTGG and CGCCTAGAAGCATTTGCGGTGG for sense and antisense, respectively (42). Reactions were carried out in 50 L in which the initial Taq activation at 95°C for 30 min was followed by 40 cycles of denaturation at 95°C for 30 seconds, primer annealing at 60°C for 1 min, and extension at 72°C for 30 seconds. The products were resolved on 1% agarose and photographed. The 473-bp EGFR transcript was detected in a similar manner and using the following set of primers: 5Ј-TCT CAG CAA CAT GTC GATGG-3Ј; antisense, 5Ј-TCG CAC TTC TTA CAC TTG CC-3Ј, as recently described (43) .
Tumor Analysis. All in vivo experiments were performed in 6-to 8-week-old SCID female mice (Charles River), as previously described (1, 40) , upon institutional approval and in accordance with the guidelines of the Canadian Council of Animal Care. Briefly, single cell suspension of A431 cells was injected s.c. (2 ϫ 10 6 cells/mouse; 5 mice per group) and daily i.p. injections of the vehicle or Diannexin (1 mg/kg) commenced the day after. In some experiments, the cells were premixed with 0.1 mg/mL of Diannexin at the time of injection, and the results of both of these treatment protocols were comparable. Tumors were measured 2 to 3 times per week and their volumes were calculated according to the formula a 2 ϫ b ϫ 0.54, where a and b are the shorter and longer diameters, respectively. Upon reaching the experimental end-point, tumor tissues were harvested, embedded in paraffin, sectioned (5 m), and used for immunofluorescent staining for human EGFR and CD105 (endoglin) with the respective secondary antibodies tagged with Alexa Fluor 594 (EGFR) or Alexa Fluor 488 (CD105). The images were collected using an LSM confocal microscope against controls in which primary antibodies were omitted. Goat anti-mouse CD105 (R & D Systems) and chicken anti-goat Alexa Fluor 488 (Molecular Probes) were used to visualize tumorassociated endothelial cells and quantify MVD at ϫ200 magnification. MVD was averaged from counts in vascular hot spots located in 3 independent fields per section of each tumor.
Data Analysis. All experiments were reproduced at least twice with similar results. The quantitative data were presented as the average value of replicates within the representative experiment Ϯ SD. Statistical significance was evaluated using a computerized 2-tailed Student t test. Differences were considered significant at P Ͻ 0.05.
